Introduction
Well-established cardiovascular risk factors, such as hypercholesterolemia (Duarte et al. 2009 ), diabetes (Giugliano et al. 1996) , and hypertension (Sowers 2002) , have been shown to elevate the levels of oxidative stress (OS) in vivo (Morita 2005) . High levels of OS can markedly upregulate heme oxygenase-1 (HO-1) in vascular endothelial cells, vascular smooth muscle cells, and macrophages whereas HO-1 is not increased when exposed to low levels of OS (Yamaguchi et al. 1993; Ishikawa et al. 1997; Wang et al. 1998) , strongly suggesting that the expression of HO-1 may depend on levels of OS in vivo (Siow et al. 1995; Anwar et al. 2005) . As heat shock protein 32, HO-1 catalyzes the first and rate-controlling step of the degradation of heme into ferrous (Fe 2+ ) iron, carbon monoxide, and biliverdin subsequently converted into bilirubin (Ponka 1999) . Considerable evidence has revealed that these products are potentially antiinflammatory, antioxidant, and antiproliferative (Djousse et al. 2001; Duckers et al. 2001; Kawamura et al. 2005; Morita 2005 ). Thus HO-1 has a recognized protective effect in the development of cardiovascular diseases (Idriss et al. 2008) , and the induction of the HO-1 gene has been proposed as a new therapy (Stocker and Perrella 2006) .
The human HO-1 gene was mapped to chromosome 22q12. In HO-1 gene promoter, there is a length polymorphism of (GT) n repeats (Kimpara et al. 1997 ) which may influence HO-1 expression levels. Transient-transfection assays revealed that short numbers of (GT) n repeats display much higher gene transcriptional activity than long ones when exposed to OS (Yamada et al. 2000; Chen et al. 2002; Exner et al. 2001) . Two previous case-control studies in small Asian populations (Kaneda et al. 2002; Chen et al. 2008) found that the length polymorphism of (GT) n repeats was not significantly associated with risk of coronary heart disease in the general population but that this association existed in subjects with hypercholesterolemia, diabetes, hypertension, or smoking habits, all of which are related to higher levels of OS (Duarte et al. 2009; Giugliano et al. 1996; Morrow et al. 1995; Sowers 2002) . We postulated that levels of OS might affect the difference in HO-1 expression levels between short and long (GT) n repeats, and thus the length polymorphism of (GT) n repeats might be associated with the susceptibility to cardiovascular diseases in subjects with high levels of OS.
To test this hypothesis we determined the allelic frequencies of (GT) n repeats in the HO-1 gene promoter and measured plasma malonaldehyde (MDA) concentrations as the biomarker of OS in 2,298 pairs of coronary heart diseases (CHD) patients and age-and sex-frequencymatched controls, and then assessed the associations between HO-1 gene promoter polymorphism and the risk of CHD by different levels of OS. To verify the result, we further investigated HO-1 expressions in cell lysates and MDA in culture mediums of human umbilical venous endothelial cells (HUVECs) carrying various (GT) n genotypes under different concentrations of H 2 O 2 .
Subjects and methods

Study population
The study population was composed of 2,298 case patients and 2,298 age-and sex-frequency-matched controls. Briefly, patients were consecutively recruited from three hospitals (Union Hospital, Tongji Hospital, and Wugang Hospital) in Wuhan (Hubei, China) between May 2004 and October 2006. The diagnostic criteria for CHD cases included one of the following: (1) the presence of a stenosis >50% in at least one of the major segments of coronary arteries (the right coronary artery, left circumflex, or left anterior descending arteries) on coronary angiography; (2) based on World Health Organization criteria in terms of elevations of cardiac enzymes, electrocardiographic changes, and clinical symptoms (nomenclature and criteria for diagnosis of ischemic heart disease. Report of the Joint International Society and Federation of Cardiology/World Health Organization task force on standardization of clinical nomenclature 1979); (3) a documented history of coronary artery bypass graft or percutaneous coronary intervention. Patients with congenital heart disease, cardiomyopathy, and vascular disease were excluded. The control subjects, residing in the same communities as the cases, were determined to be free of CHD and peripheral atherosclerotic arterial disease by medical history, clinical examinations, and electrocardiography; 2298 of them were selected to match age-and sexfrequency in cases group. Subjects with severe liver or kidney disease were excluded. Medical history, medication use, home environment, and lifestyle factors were obtained through questionnaire interviews.
Subjects were classified as smokers and nonsmokers, and the definition has been described previously (Zhou et al. 2008) . Briefly, those who had smoked less than 100 cigarettes in their lifetime were defined as nonsmokers; otherwise, they were defined as smokers. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. Subjects were considered to be hypertensive if their systolic blood pressure was ≥140 mmHg or diastolic pressure ≥90 mmHg or they were already being treated with antihypertensive drugs. Diabetes was defined either by 1999 World Health Organization criteria (Puavilai et al. 1999) or by self-report of being previously diagnosed as diabetic. All subjects gave written consent after receiving a full explanation of the study. The Ethics Committee of Tongji Medical College approved this study.
Analysis of length variability of (GT) n repeats in HO-1 gene promoter
Fasting venous blood was collected in 5-mL EDTA tubes, and genomic DNA was extracted with Puregene kit (Gentra Systems Inc), as mentioned previously (Zhou et al. 2008) . The 5′-flanking region containing (GT)n repeats of the HO-1 gene was amplified. Briefly, a polymerase chain reaction (PCR) was performed using FAM-labeled sense primer, 5′-TTCTGGAACCTTCTGGGACG-3′, and an antisense primer, 5′-GGGTGGAGAGGAGCAGTCAT-3′, which were designed on the basis of the published sequence. The PCR cycle of 95°C for 45 s, 60°C for 45 s, and 72°C for 45 s was carried out for a total of 30 cycles. Determination of the sizes of PCR products were carried out by capillary electrophoresis on an automated DNA capillary sequencer (ABI Prism Genetic Analyzer 3130; Applied Biosystems, Foster City, California) as described in previous studies (Song et al. 2009 ). For analysis, 1 μL of polymerase chain reaction product were mixed with 9 μl of Hi-Di formamide (Applied Biosystems) containing GeneScan-500 LIZ size standard solution (size range, 50-500 base pairs) as an internal lane size standard. Mixtures were then denatured at 95°C for 5 min and snap-cooled on ice for 5 min. Subsequently electrophoresis on a polyacrylamide gel POP-7 (Applied Biosystems) in a 50-cm capillary was carried out for genetic analysis. The size of PCR product was analyzed and converted to dinucleotide repeat lengths using GeneMapper 3.5 analysis software (Applied Biosystems). The genotyping was done in 10% of the samples as blind duplicates; the concordance rate was 100%.
Determination of plasma MDA
The level of MDA in plasma is a widely used indicator of the level of oxidative stress in humans. All patients and controls were sampled similarly, and for the acute MI and stable or unstable angina, we collected the blood sample the day the patient was enrolled or the next morning after the patient was enrolled to the ward. We previously determined plasma ferritin level in some of the samples (Shi et al. 2011) . The concentrations of plasma MDA were determined by the method described (Ohkawa et al. 1979) . Briefly, a 100 μL aliquot of plasma was mixed with thiobarbituric acid reagent and incubated.
After centrifugation, the optical density of the clear pink supernatant was read at 532 nm. Malondialdehyde bis (dimethyl acetal) was used as standard. The assay was conducted using kits purchased from Nanjing Jiancheng Bio-engineering Institute (CV=2.0%) as in a previous study (Yang et al. 2007 ).
Functional experiments
HUVECs were obtained by proteolytic dissociation of the umbilical cord veins from 25 normal deliveries. DNAs were extracted from umbilical cord venous blood, and then genotypes of (GT) n repeats in HO-1 gene promoter of HUVECs were analyzed.
HUVECs were cultured on gelatin-coated culture flasks in endothelial cell medium (ScienCell) until treatment on their second passages. The cells were seeded at a density of 1×10 6 cells/ml in 12-well plates and were allowed to attach for 24 h before treatment. Subsequently the cells were exposed to different concentrations of H 2 O 2 (0, 25, and 50 μmol/L) for 3 h. After that, cell culture supernates were collected for the determination of MDA and cells were harvested using trypsinization and then centrifuged to pellets. The following procedures completely complied with the instructions provided by the manufacturer of Elisa kits (Stressgen Bioreagents). Briefly, each cell pellet was resuspended with 0.2 ml of 1× HO-1 extraction reagent supplemented with protease inhibitors, and then incubated for 30 min on ice with occasional mixing. After that, extracts were centrifuged at 15,000×g for 10 min in a 4°refrigerated microfugation, and supernatants were collected as the cell lysates. Cell lysates were then frozen at −80°and assayed for HO-1 concentrations within a week.
Statistical analysis
All analyses were conducted using the statistical software package SPSS12.0 (SPSS Inc). Distribution of continuous variables in groups were expressed as means±SD. Normal distribution of data was analyzed using the KolmogorovSmirnov normality test. Data with a normal distribution were compared by student t test or ANOVA and those without a normal distribution were analyzed by a MannWhitney rank sum test. Categorical values were compared by the Chi-square test. The association between the HO-1 genotype and CHD risk was estimated by computing odds ratios (ORs) and 95% confidence intervals (CIs) from the multivariate logistic regression analysis after adjustment for conventional coronary risk factors, such as age, sex, BMI, hypertension, diabetes, and smoking habits. The probability level accepted for significance was P<0.05. In addition, overall subjects were divided into three groups based on tertiles of MDA concentrations in the control group. The significance of multiplicative interactions between the genotypes and covariates was determined by the likelihood ratio test using the logistic regression model.
Results
General characteristic of the subjects
The general characteristics of the study subjects are presented in Table 1 . The traditional CHD risk factors such as hypertension, diabetes, and smoking were significantly different between the cases and controls. However, total cholesterol levels were significantly lower in cases than in controls, which might be due to the cholesterol-lowering medication in the patients. The proportion of subjects reported to have taken cholesterol-lowering medications such as a statin in the cases and controls in our study were 67.1% and 0.3%, respectively. In addition, there was a significant difference in MDA concentrations between case and control groups (P<0.001).
Allele and genotypic frequencies of HO-1 microsatellite polymorphism
The allele frequencies of (GT) n microsatellite polymorphism in the HO-1 promoter region were highly polymorphic, ranging from 11 to 41 with (GT) 23 and (GT) 30 being the two most common alleles in our study population. Mann-Whitney rank sum test showed that the repeat numbers in case and control groups are significantly different (P=0.007), whereas the distributions in the two groups are quite similar, as shown in Fig. 1 . Because the proportion of allele frequencies of either ≤25 or >25 GT repeats was about 50% in control group, we classified the alleles into two subclasses: class S, standing for short repeat numbers, included alleles with ≤25 GT repeats; class L, standing for long repeat numbers, included alleles with >25 GT repeats. These patients were then classified as having an S/S, S/L, or L/L genotype according to each of their (GT) n alleles.
Associations of HO-1 promoter gene polymorphism and CHD risk in overall population and by levels of OS MDA, a product of lipid peroxidation, is most widely used to assess levels of OS and technically available to be measured in plasma (Stephens et al. 2009; KoturStevuljevic et al. 2007 ). Low, intermediate, and high levels of OS were then defined by tertile for MDA concentrations in control group: <1.83, 1.83-2.91, and >2.91 μmol/L (<33.3rd percentile, 33.3rd-66.6th percentile, and >66.6th percentile).
As shown in Table 2 , after adjustment for conventional CHD risk factors such as age, gender, smoking, BMI, hypertension, and diabetes, (GT) n polymorphism in HO-1 gene promoter was significantly associated with CHD risk: compared with L/L genotypes carriers, the OR for subjects carrying S/S genotype was 0.798 (95%CI 0.659 to 0.965). In the stratified analyses by levels of OS, the adjusted ORs for S/S genotype were 1.056 (95%CI 0.749 to 1.491) in subjects with low levels of OS, 0.787 (95%CI 0.551 to 1.123) in subjects with intermediate levels of OS, and 0.595 (95%CI 0.438 to 0.809) in subjects with high levels of OS (P interaction =0.002).
Stratified analysis for the gene polymorphism indicated that the inverse association between the S/S genotype and CHD risk was stronger in males than females, among smokers than nonsmokers, and among diabetics than non-diabetics (Table 3) . We then conducted further stratified analysis by levels of OS. Table 4 demonstrates that the significant association between the gene polymorphism and risk of CHD was more pronounced in groups with high levels of OS in the subgroups. Some subjects are missing data on one of the covariates in the questionnaires, and they are not included in this analysis. (Fig. 2a) . Subsequently we determined HO-1 expression levels in cell lysates of HUVECs. As shown in Fig. 2b , under 0 μmol/L H 2 O 2 , there were no significant differences in HO-1 expression levels among HUVECs with different genotypes; however, under 25 and 50 μmol/L H 2 O 2 , HUVECs carrying genotype S/S had significantly higher levels of HO-1 expressions than L/L carriers (P=0.019 and P<0.001, respectively). In addition, there was a significant interaction between (GT) n genotypes and H 2 O 2 concentrations on HO-1 expression levels (P interaction =0.003).
Discussion
In the present study, we found that the association between (GT) n genotypes in HO-1 gene promoter and CHD susceptibility was modified by levels of OS. In particular, Fig. 1 Frequency distribution of number of (GT) n repeats (a) control group (b) case group the genotype was not associated with CHD in subjects with low or intermediate levels of OS, but as expected, S/S genotype carriers had significantly lower risk of CHD in subjects with high levels of OS. Our functional experiment on HUVECs revealed that (GT) n genotypes were not associated with HO-1 expression levels in endothelial cells under low levels of OS; however, endothelial cells carrying S/S genotype displayed a significantly higher HO-1 expression under high levels of OS.
In two previous studies conducted in Japan (279 controls and 298 CHD patients) (Kaneda et al. 2002) and Taiwan (322 controls and 664 CHD patients) ), significant associations were found between HO-1 gene promoter polymorphism and CHD risk in subjects with one of the CHD risk factors; another study (Bai et al. 2010 ) also found that (GT) n repeats in HO-1 gene promoter may affect cerebral ischemic risk in dyslipidemia patients. Our study is broadly consistent with these results, however, we further demonstrated for the first time that this association may be attributed to the interaction between HO-1 gene promoter and OS. Moreover, HO-1 expression levels of short and long (GT) n repeats shown in the present study is consistent with Value is P interaction between HO-1 gene promoter genotypes and levels of oxidative stress their modulatory effect on gene transcriptional activity (Chen et al. 2002) . Nevertheless, our study showed for the first time that the effect of heterozygote S/L on levels of HO-1 expression might be closer to the L/L genotype than to the S/S genotype.
HO-1 might play a protective role in the development of CHD due to the antiatherogenic function of its enzymatic products (Chen et al. 2003; Exner et al. 2004) . Although HO-1 may have an antioxidant effect, the fact that HO-1 has been found to be colocalized with oxidized (Ishikawa et al. 2001a; Ishikawa et al. 2001b ) including early oxidized lesions (Wang et al. 1998) suggests that the OS may be the cause of HO-1 induction rather than a consequence (Morita 2005) . In response to OS, the stimulation of HO-1 gene is primarily controlled at the transcriptional level by responsive elements localized in the promoter 5′-flanking region of the HO-1 gene (Alam and Den 1992; Dalton et al. 1994; Lavrovsky et al. 1994 ). On the other hand, (GT) n repeats in HO-1 gene promoter have been demonstrated to modify the transcriptional activity. Transient-transfection assays in various cell lines (Yamada et al. 2000; Chen et al. 2002; Exner et al. 2001) , such as A549, Hep3B, and rat aortic smooth muscle cells, showed that cells carrying short (GT) n repeats in HO-1 gene promoter have a significantly higher transcriptional activity when exposed to OS. Up to now, the exact molecular mechanisms to explain the (GT) n repeats' modulatory effect on HO-1 promoter activity are unclear. Focus has been placed on possible conformational changes since no transcription factors have been reported to bind to the (GT) n repeats region (Lavrovsky et al. 1994) . The different lengths in (GT) n repeats may alter the HO-1 promoter structure, which brings change to other adjacent biologically crucial regulatory elements, such as TATA boxes or activator protein 1 binding sites (Chora et al. 2007; Rueda et al. 2007) . Therefore, it is probable that at low levels of OS, responsive elements localized in the promoter region are suppressed and thus different lengths in (GT) n repeats' modulatory effect on gene transcriptional activity might be limited and fail to result in significant difference in HO-1 expression levels; on the contrary, at higher levels of OS, responsive elements are activated and different lengths in (GT) n repeats will influence HO-1 expression levels. Our functional experiment lends support to this hypothesis, which may also explain the result of our case-control study. This study has several strengths. First, we described for the first time that the association between (GT) n repeats in HO-1 gene promoter and risk of CHD was modulated by patients' levels of OS. The relatively large number of CHD cases and controls provide statistical power to detect the multiplicative interaction between the genotypes and OS levels on CHD risk. Second, the consistent results from biological experiment on HUVECs which are similar to target cells of CHD provided solid evidence for our epidemiologic findings.
Several limitations should also be acknowledged. First, MDA concentrations of CHD patients were evaluated after diagnosis and thus there may be bias caused by treatments. However, adjustment for medication use did not substantially alter our results. Second, we selected controls only according to electrocardiograms and history of CHD, but without performing coronary angiography on them. Although we could not exclude the possibility that some of them were affected by CHD, recent result from a Chinese cohort (Wu et al. 2006) showed that the incidence of CHD in normal Chinese subjects is very low and thus the bias caused by any misclassification should be limited.
In conclusion, our study provides evidence that the S/S genotype of (GT) n repeats in HO-1 gene promoter is associated with lower risk of CHD in subjects with high levels of OS as endothelial cells carrying S/S genotype have higher HO-1 expression only at higher levels of OS. 
